ABSTRACT. Wheat straw, willow from an energy plantation and municipal sewage sludge were studied by thermogravimetry at linear and nonlinear heating programs in gas flows containing 4 and 20% oxygen. A kinetic scheme of successive devolatilization and char burn-off reactions was assumed.
Introduction
Thermogravimetric experiments have a high precision while the temperature and the other experimental conditions of the sample are usually well known and well controlled. This makes it a useful tool for studying devolatilization and combustion in the kinetic regime. 1, 2 On the other hand, TGA can be employed only at relatively low heating rates because the true temperature of the sample may be unknown at high heating rates. This is particularly true in the presence of oxygen when high heating rates and/or larger sample masses can lead to ignition and uncontrolled combustion of the sample.
TGA measures the overall mass loss caused by the devolatilization and the burn-off of the formed char. These processes more or less overlap each other; accordingly their evaluation needs a suitable kinetic model that considers the simultaneous occurrence of both processes. 3 This type of modeling is the main subject of the present work.
Biomass fuels and residues contain a wide variety of pyrolyzing species. Even the same chemical species may have differing reactivity if their pyrolysis is influenced by other species in their vicinity.
The assumption of a distribution in the reactivity of the decomposing species frequently helps in the kinetic evaluation of the pyrolysis of complex organic samples. 4 The distributed activation energy 3 models (DAEM) have been used for biomass pyrolysis kinetics since 1985, when Avni et al. applied a DAEM for the formation of volatiles from lignin. 5 Saidi et al. employed a DAEM in an actual combustion model. 6 The use of DAEM in pyrolysis research was subsequently extended to a wider range of biomasses and materials derived from plants. Due to the complexity of the investigated materials the model was expanded to simultaneous parallel reactions (pseudocomponents) that were described by separate DAEMs. [7] [8] [9] [10] [11] [12] [13] The increased number of unknown model parameters required least squares evaluation on larger series of experiments with linear and non-linear temperature programs. 7, 12, 13 The model parameters obtained in this way allowed reliable prediction outside of the domain of the experimental conditions of the given kinetic evaluations. 7, 12, 13 Numerous papers deal with the gasification and burn-off kinetics of lignocellulosic chars. This part of the literature has recently been extensively reviewed by Di Blasi. 2 A combustion model usually needs the coupling of the devolatilization and the char burn-off reactions. 14 Várhegyi et al. described slow tobacco burning by two successive reactions: a DAEM devolatilization and a subsequent char burn-off. 15 The present work aims at testing the applicability of this model on a widely available agricultural residue (wheat straw), on an energy farm product (willow) and on a municipal sewage sludge. Besides, three additional topics will be investigated: the behavior of the cellulose component in the wood sample of the study; the relations between the DAEM approach and a simpler model with n-order devolatilization; and the approximation of the sequential mechanism by a parallel model.
Samples and Methods

Samples.
A willow sample from an energy farm, a wheat straw as an agricultural by-product and a municipal sewage sludge from town Gyöngyös were investigated. Their analytical data are shown in Tables 1 and 2 . The analyses were carried out by the ISD Dunaferr Co. The testing laboratory of this ironworks was accredited for biomass fuel analysis by the Office of DAP German Accreditation System for Testing. The heating value data were measured by an IKA 2000 calorimeter. The nitrogen and 4 chlorine content were analyzed by semi-micro Kjeldahl method (ISO 333:1996-03) , and by Eschka mixture method (ISO 587: 1997-05), respectively. The oxygen content was calculated by difference.
The samples were dried at room temperature. The wood and the straw were ground by a cutting mill to <1 mm and further ground to <0.12 mm particle size for the TGA experiments. The solid sewage sludge sample was pounded in an agate mortar to about <0.1mm particle size. Perkin-Elmer TGS-2 thermobalance. The samples were spread on a platinum sample holder of Ø 6 mm.
The experiments were carried out in gas flows of 140 ml/min. Nitrogen -oxygen mixtures with 4 and 20 % (v/v, ±5% rel.) oxygen were used. Prior to the experiments, the apparatus was purged with the carrier gas for 45 min. Linear and stepwise heating programs were employed to increase the amount of information in the series of experiments. 16 The T(t) programs of the present work are shown in Figure   1 . The heating rate of the linear temperature programs were 4 °C/min (black dots), 20°C/min (red 5 triangles) and 40°C/min (blue squares). Two stepwise programs were employed for each sample (green solid line and magenta dashed line) that were composed of 20°C/min heating ramps and isothermal sections of 30 minutes. The low temperature isothermals, up to 340°C serve for studying the devolatilization. The sections between 370 and 450°C give information on the kinetics of the char burnoff. The temperatures of the isothermal section differed for the three samples, as indicated in Figure 1 , due to differences between the reactivity of the samples. Each TGA experiment was normalized by the initial dry sample mass. For this purpose the sample mass measured at 160°C was selected (a temperature after the drying section and before a significant level of devolatilization).
The sample mass normalized in this way is denoted by m(t). Test 6 experiments were carried out to select sample masses at which no ignition or significant self-heating occurred. Self heating can be a serious problem in combustion studies, as illustrated in earlier works. 16, 17 Lower sample masses results obviously in smaller self-heating problems. Figure 2 shows test experiments on the willow sample which proved to be the most problematic from this respect. (This sample produced the highest reaction rates and its combustion heat was also the highest, as shown in Table 1 .) The good agreement between the curves belonging to the different sample masses indicates the negligible influence of the transport processes on the results under the experimental conditions of the work. Figure 2 illustrates the repeatability of the results, too. An earlier work by the same instrument also shows a figure on the repeatability of the DTG curves at low sample masses. 18 Table 3 displays the employed initial sample masses. The kinetic evaluation was carried out on the normalized mass loss rate, -dm/dt. The width of the evaluated temperature domains were 400°C.
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-dm/dt [s and for graphics handling, respectively. The employed numerical methods have been described in details earlier. 15 The kinetic evaluation was based on the least squares evaluation of the -dm/dt curves.
The method 19 used for the determination of -dm/dt does not introduce considerable systematic errors into the least squares kinetic evaluation of experimental results. 20 The differential equations of the model were solved numerically along the empirical temperature -time functions resulting in simulated data in the ti points of the observations. The integration by E in the DAEM kinetics of devolatilization was carried out by a Gauss -Hermite quadrature formula, as described by Donskoi and McElwain 21 and
Várhegyi et al. 7 The domain of integration was rescaled by a factor of 0.2 to increase the precision of the integration. 21 The first order kinetic equations of the DAEM were solved numerically using 180 quadrature points. Obviously the solution of the kinetic equations is not needed at those E values which result either in negligible reaction rates in the domain of evaluation or in a complete decomposition at low temperatures, below the temperature domain of the evaluation. The differential equation of the char burn-off kinetics was solved by an adaptive stepwise Runge-Kutta method 22 The calculations were carried out on a desktop personal computer. The solution of the models discussed in the paper required around 30 ms time for an experiment with a non-linear T(t) function. The model parameters were determined by nonlinear least squares minimization which was carried out by a variant of the HookJeeves method. The Hook-Jeeves method is a slow but simple and dependable direct search algorithm. 23 In our work the original algorithm was supplemented by parabolic interpolation for finding the optimal stepsizes. The starting values for the non-linear optimization were taken either from earlier work or from the results of the simpler models of the present work. The overall computer time of the evaluation of a series of experiments varied between a few minutes and a few hours. 
Here subscript k indicates the experiments of the series evaluated. ti denotes the time values in which the discrete experimental values were taken, and Nk is the number of the ti points in a given experiment.
hk denotes the heights of the evaluated curves that strongly depend on the experimental conditions. The division by hk 2 serves for normalization. The fit quality of the wholes series was characterized by the following quantity:
When the fit quality of one experiment is characterized, fit1 (%) = 100
is calculated, where
S equals to the root mean square difference between the calculated and observed data normalized by the peak height (h) of the given experiment. Here the first reaction is the devolatilization influenced by the presence of oxygen. Let us normalize all masses by the initial sample mass. The normalized amounts of the unreacted part of the sample, char and ash will be denoted by m ur and m char , and m ash , respectively.
As the reactions proceed, m ur decreases from 1 to 0. (Here m ur =0 means that no unreacted biomass remains at the end.) m char is zero at the beginning of an experiment. It reaches a maximum as the char forms and converges to zero again as the char burns off. The yields of the solid products in reactions 3 and 4 will be denoted by y char and y ash , respectively. As the char burn-off proceeds, m ash converges from 0 to y char y ash .
m calc is the sum of the normalized masses of the solid components:
Note that m calc (0)=1 and m calc  y char y ash as t  . 
The amount of the unreacted sample in a given t is composed from m ur (t,E) as:
0 where D(E) is a distribution function. D(E) will be approximated by a Gaussian distribution:
m ur (t) is calculated by solving eq. 6 numerically at 180 discrete E values, as outlined in Section 2.3.
The char is formed from the mass loss of the unreacted fraction with yield ychar and consumed by the burn-off. In this section the char burn-off is approximated by a simple kinetic relationship which is first order with respect to the amount of char and  char order with respect to the oxygen concentration:
Note that -dmur/dt  0 in the first term because the amount of the unreacted part of the biomass is monotonically decreasing. The ash is formed from the char burn-off with yield y ash and does not react any further in this model:
The model outlined above does not differentiate between the bulk and the surfaces of the particles.
Later, in Section 3.6 such model variants will be employed for the char burn-off which are capable to describe formally such effects. A similar study for the devolatilization reactions, however, would be extremely difficult due to the complexity of the biomass materials. Hence we can only observe how well the devolatilization models of the study can describe the given experiments.
The solution of equations 5 -10 was carried out numerically, as described in Section 2.3. High relative precision was used (better then 10 -6 ) because it ensured the safety of the iterations and did not cause any difficulty. Nine unknown parameters were determined from ten experiments: E0, σ, Adevol, devol, ychar, Echar, Achar, char, yash. 
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As Figure 3 indicates, good approximations were obtained for wheat straw and sewage sludge. Note that the fit quality is characterized by quantities normalized by the peak maxima of each experiment. This is inevitable for comparing experiments with strongly different temperature programs. (See the very different scaling of the plots.) Hence fit1 and fit10 are relative precisions. In this respect the fit on the wheat straw experiments look better than the fit on the sewage sludge experiments. However, the sewage sludge decompose with flat, wide mass-loss rates, and the corresponding peak maximum is roughly a sixth of the value observed at wheat straw at a given temperature program. Accordingly the absolute precision of the approximation is better for the sewage sludge.
Note that the fit quality of the willow sample is not satisfactory and the simulated -dm/dt curves do not mimic the features of the DTG curves in the willow plots of Figure 3 . In the case of wood samples the cellulose and hemicellulose peaks do not merge; they appear as separate, partly overlapping peaks. This is due to the low mineral content of the woods; the catalytic effect of the minerals on the biomass components is well known. Accordingly a more detailed kinetics is needed for the willow sample.
3.3.
Adding cellulose decomposition kinetics to the successive model. As mentioned above, the partly separated cellulose peak of the willow sample requires an additional kinetic equation for the cellulose component. Hence the unreacted part of the sample, mur will be regarded as the sum of the cellulose component and the rest of the sample. As mentioned earlier, mur(t) is normalized to unity: mur(0)=1. The models for pyrolysis kinetics are usually written for variables normalized to the [0, 1] interval; accordingly we shall use reacted fractions for cellulose, cell(t), and for the other components of the biomass, other(t), with boundary conditions cell(0)=0, cell()=1, other(0)=0 and other()=1. Here the end values follow from the definition of the "unreacted": as the biomass transforms to char, the unreacted components are completely consumed. Accordingly mur(t) is the weighted sum of its two constituents with weight factors ccell and cother:
Both the cellulose and the non-cellulosic parts of the biomass form char hence eq. 9 is modified now by taking this into account:
Here 1-other(t) is described by a DAEM, in the same way as dmur/dt was in the previous section. The cellulose decomposition in inert atmosphere can be usually approximated by simple first order kinetics.
When the biomass pyrolysis is described by parallel DAEMs and the evaluation is carried out on series of experiments with strongly different temperature program, the  distribution parameter of the cellulose component is small or zero. 12, 13, 20 Note that a DAEM with Gaussian distribution converges to first order kinetics as 0. It becomes exactly a first order reaction at =0 because the Gaussian distribution is a Dirac delta function. This happened in the present case, too: when cell(t) was approximated by first order kinetics, the corresponding  proved to be zero. However, the simulated cellulose peaks were not as sharp as their observed counterparts. It was concluded that cellulose decomposes with a selfaccelerating kinetics, where the term "self accelerating" means: the reaction rate of a unit mass of reactant is increasing in a considerable part of the reaction even if T is constant.
Note that Capart et al. have already reported self-accelerating cellulose pyrolysis kinetics in inert gas flow. 24 They used a variant of the Prout -Tompkins equation which is equivalent to an earlier equation used by Várhegyi et al for char burn-off kinetics in 1996. 25 We shall use here this equation with the following notation:
where f is a function capable to express self-acceleration. Note that the mathematical unambiguity requires a normalization for f( cell ) because f functions differing only in constant multipliers are equivalent in eq. 13 (parameter Acell can compensate any multipliers of f). As a normalization, we may require that the maximum of f be 1. f( cell ) is approximated formally by
15 where ncell, a and z are model parameters and normfactor ensures that max f=1. normfactor is a simple function of ncell, a and z. 25 Parameters ncell, a and z do not have separate physical meaning; together however they determine the shape of f, and, in this way, the self accelerating capabilities of the model. Note that eq. 14 is equivalent to a kinetics of ncell order at a=0. The n-order kinetics also can describe a moderate self-accelerating if ncell is less than 1. The corresponding calculations resulted in ncell = 0.4. However, the a0 case gave considerably better fit quality and the corresponding cellulose partial curves had more realistic shapes. The results are illustrated by Várhegyi et al. studied biomass pyrolysis kinetics by multistep models. 26 The evaluations were carried out by the method of least squares. One of the conclusions of this early paper was: "The assumption of independent parallel reactions and the assumption of successive reactions gave roughly identical fits and kinetic parameters at the majority of the experiments; hence, the distinction between these models could only be based on chemical considerations." Later Branca and Di Blasi described the combustion of beech wood by four consecutive reactions as well as by four independent parallel reactions and observed nearly identical results for the two approaches. 27 They concluded that "Activation energies, preexponential factors and reaction order of the combustion rate for char appear to be invariant with the heating rate and the selection of series or parallel reactions. Moreover, relatively small variations on the stoichiometric coefficients are required to take into account the different structure of the reaction network."
Based on these observations the models of the present work were also approximated by independent parallel reactions. In these test evaluations the char is regarded as a component (or pseudocomponent) instead of an intermediate product. In other words we imagine a char component in the biomass that starts to burn off when the temperature reaches a sufficiently high value. The consumption of the char component is described via its reacted fraction, char(t): char(0)=0 and char()=1. The reacted fractions cell(t) and other(t) have already been defined in the previous section, though the physical meaning of other will be slightly modified, as follows. 
18 As Figure 6 reflects, practically the same fit qualities were obtained in this way as in the wheat straw and sewage sludge models of Section 3.2 (plots a, b, e, f in Figures 3) and in the willow model of Section 3.3 ( Figure 4 ). The overall fit qualities (fit10) and the obtained kinetic parameters are also very similar, as will be shown in Section 3.7. The function defining the self-acceleration of the oxidative cellulose decomposition, f( cell ) was also nearly identical in the two cases, as the red line and the blue circles show in Figure 5 .
Accordingly the approximation of the char burn-off by an independent parallel reaction is a viable method. Its advantage is the easier solution of the corresponding kinetic equation: the solution of eq. 17 needs a simpler numerical algorithm than that of equations 9 and 12. The drawback of this modeling is some loss in the physical meaning of the model.
Replacing the DAEM by simpler kinetics.
Here another simplification will be examined: the distributed activation energy model for the devolatilization (equations 6 -8) is replaced by simpler, norder kinetics:
The rest of the model is not changed: the char burn-off is a subsequent reaction described by equation 9 or 12, and the cellulose component of the wood sample is described by equations 13-14.
Using the notation of Section 3.3 eq. 18a will have the following form:
The fit quality of this model was not as good as the values obtained with DAEM devolatilization. Figure 7 shows part of the experiments of the series evaluated. Besides, highly asymmetric devolatilization peaks (red lines in Figure 7 ) arose in the case of willow and sewage sludge. The asymmetry and tailing of these peaks are due to their high reaction orders, 3.7 and 4.3, respectively.
Similarly high reaction orders were reported in the literature, too. Manyà at al. emphasized that a reaction order of 3 is advantageous for describing the lignin kinetics in a biomass pyrolysis model of three parallel reactions. 28 Recently Conesa and Domene studied the kinetics of biomasses pyrolysis and 20 combustion through n-order parallel reactions and found high reaction orders, up to 9.5. 29 Barneto et al.
presented a kinetic model for biomass combustion which have some similarities to the models treated in the present section. 30 They assumed two biomass components, holocellulose (hemicelluloses and cellulose together) and lignin that decompose by n-order kinetics. The formed chars burn-off in subsequent reactions. However, the corresponding kinetic equations did not express the reaction rates of these chars as the difference between the char formation and char burn-off rates. (There were no separate terms for the char formation and char burn-off in the ordinary differential equations for the chars.) This is a significant difference from the models of the present work. The reaction order of the lignin decomposition was 3.3, in the work of Barneto et al. 30 It is hard to form an opinion on the meaning of the high reaction orders in the cited works. It is probably a convenient way to describe the slow charring in inert ambient, as Manyà at al. highlighted. 28 In the present work, however, the highly asymmetric decomposition peaks invalidate the physical meaning of the model. The long, high tailing section of the red colored devolatilization peak in the sewage sludge plots overlaps with the char burn-off peak and extends to temperatures above the domain of the char burn-off. The situation is similar, though less expressed in the case of the willow plots in cother dother/dt (red -); ccell dcell/dt (magenta ---); and cchar dchar/dt (blue ▪▪▪).
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The fit quality in the sewage sludge evaluation can obviously be improved by assuming more than one n-order devolatilization reactions, like in the case of the willow evaluation. There is a difference, however, in the behaviors of the two samples. The DTG curves of the willow sample show characteristic features: a separated cellulose peak and a clearly visible hemicelluloses shoulder. These features provide enough information to determine the parameters of the two devolatilization peaks during the least squares evaluation of a series of experiments. This is not so with the flat, featureless devolatilization peak of the sewages sludge experiments at linear T(t). The evaluation of the sewage sludge experiments with two devolatilization processes and a subsequent char burn-off proved to be an ill-defined problem: the available experimental information was not enough to find a unique, meaningful solution. Besides, a model with two n-order devolatilization steps should be compared to its counterpart with two DAEM devolatilization reactions, so that the compared models should contain the same number of parameters. Test calculations were carried out that showed that the DAEM devolatilization provided better fit quality and peaks with less tailing in this case, too.
3.6.
Experience with more complex char burn-off kinetics. In the case of ideal chars (specially prepared, pure model carbons) the reaction rate is proportional to the surface area. If the reaction takes place on the external surface, n-order models can be used with n<1, where n=2/3 for spherical particles (contracting sphere model) and n1/2 for needle-shaped particles (contracting area model). 31 The presence of internal surfaces (pores that grow during the burn off) results in a strong acceleration. In ideal cases the corresponding change of the surface area during the reaction can be described by theoretical models. 32, 33 In the case of a biomass fuel, however, complicating factors arise that are connected to the accessibility of the internal pores, the role of the inorganic catalysts, and the chemical/physical inhomogeneity of the solid phase. Among others, the char formation is not separated from the char burn-off; the formed char particles may burn before developing a bulk with internal pores. On the other hand the different fractions of the biomass may result in chars of different reactivity and the reactivity 23 differences may widen the mass loss rate curve of the char burn-off. Keeping the above factors in mind we tried to replace the first order char burn-off kinetics by empirical models that can mimic either selfaccelerations due to pore formation or a widening due to char inhomogeneity. The simplest model for that purpose is the n-order kinetics. If n<1, the process accelerates because the rate of a unit mass of 
When the char burn-off is approximated by parallel reactions, equation (17) is replaced by
The use of equations 19 and 20 did not improve the fit quality for the willow and sewage sludge samples, the corresponding nchar values were around 1. A rather slight improvement was observed for the wheat straw samples, where fit10 decreased from 3.99 % to 3.90% and the obtained reaction order, nchar was 1.31.
The next step was the replacement of the n-order kinetics by more complex f(mchar) or f(char) functions in equations 19 and 20, respectively. The empirical formula of eq. 14 was employed, which had proved to be useful in char burning studies. 17, 25 Despite the higher number of model parameters, however, the fit quality was not considerably better than in the case of the 1st order and n-order kinetics.
Recently a model was proposed that assumed pore formation during the devolatilization, hence the acceleration was expressed through the conversion of the entire sample. 15 This approach was also tried without any considerable improvement. Finally the char burn-off was tried to be described by DAEM kinetics, assuming fractions of different reactivity in the char phase. This approach was carried out in the parallel model only, and has not provided mentionable improvement for the willow and sewage sludge samples. The corresponding parameter for the distribution width, char had small values, 0 and 2 kJ/mol, respectively, indicating first order or nearly first order reactions. In the case of wheat straw char Tables 4 -7) where the fit quality is worse and the activation energy of the devolatilization is lower than in the other models presented. Tables 4-7 do not rank the model variants with DAEM devolatilization; they are practically equivalent to each other.
One should use other considerations for selecting the right model variant. In our opinion the models with successive char burn-off reactions can be recommended because their meaning is clearer than that of their counterparts with parallel kinetics, and they give predicted reaction rates on the char and ash formation.
The obtained activation energy and  values are within the usual ranges of the studies listed in the references. It may be worth considering why the char values are less then unity. Note that care was taken to ensure a true kinetic regime in the present work: low sample masses were spread in thin layers, the heating rates were not high and the formed CO and CO2 were quickly swept away from the combusting samples. Accordingly the values of 0.5 -0.7 cannot be due to diffusion control or to reversible reactions. They only indicate that the oxygen concentration is not the only rate determining factor in the kinetics. 
Conclusions
(1) The combustion of three common biomass materials was studied at slow heating programs, under well-defined conditions. Particularly low sample masses were employed to avoid the self-heating of the samples due to the huge reaction heat of the combustion. Ten different experiments were evaluated simultaneously for each sample by the method of least squares. Several models / model variants were tested.
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(2) A recent combustion model consisting of a devolatilization reaction and a successive char burn-off reaction was tested on biomass samples. (Earlier it was used for tobacco only.) The devolatilization step Acceleration may be caused by internal surfaces (pores). On the other hand the different fractions of the biomass may result in chars of different reactivity. To explore these aspects test evaluations were carried out where the char burn-off was described by n-order kinetics; two self-accelerating (autocatalytic) kinetic models; and by a DAEM. These approaches, however, did not improve the already good fit qualities considerably.
(7) The two-step and the three-step mechanisms treated above involved the least squares determination of 9 and 17 parameters, respectively, from a series of 10 experiments. When the necessity of more complex char burn-off kinetics was tested, the number of parameters was slightly increased.
The different model variants gave essentially the same fit qualities and nearly the same values for the model parameters. 
